ABSTRACT
INTRODUCTION
Pancreatitis is an inflammatory disease of pancreatic acinar cells leading to autodigestion of pancreatic and surrounding tissue (35 injury that are the hallmarks of pancreatitis (11, 24, 37) .
Although the pathophysiology of pancreatitis remains incompletely understood, increasing evidence points to a role of oxidative stress as an underlying mechanism. In several animal models of pancreatitis there is clear evidence that antioxidants reduce the associated cell injury (12, 31, 39) , which has also proved beneficial in the treatment of human chronic pancreatitis (46) . What remains unclear is whether oxidative stress is the trigger or a downstream consequence of an inflammatory response, which promotes the release of further oxidants from activated neutraphils at the site of injury (22, 50) . However, there is substantial evidence that acinar cells can be a source of oxidant generation (7, 17, 42) . In addition, in some pancreatitis models, lipid peroxidation products were detected prior to any inflammatory changes, suggesting that oxidative stress is an early event, if not the trigger of the disease (32) .
The aim of the present study was to characterise in detail the effects of increased oxidative stress, homeostasis. This suggests that oxidant-induced inactivation of the PMCA may be an important early event underlying the pathology of pancreatitis.
MATERIALS AND METHODS
Cell isolation Small clusters of rat pancreatic acinar cells were isolated by a collagenase digestion procedure similar to that previously described (5) . Briefly, rats were killed by cervical dislocation and the pancreas dissected, minced with scissors and digested for 30 min in 10 ml of standard HEPES-buffered physiological saline solution (HEPES-PSS) (composition in mM: Na + , 145; K ] i > For simultaneous DCF and fura-2 imaging, cells were loaded with 10 QM fura-2-AM for 20 min at room temperature, followed by dual loading with 10 QM fura-2-AM and 10 QM H 2 DCF-DA for 20 min at 37°C. These loading conditions were found empirically to be optimal for achieving a measurable fura-2 signal without compromising the DCF signal. Under these conditions cells were more heavily loaded with fura-2 than cells in experiments (Fig. 2) . In order to quantify this heterogeneity a 1x relay lens was used that enabled Similarly these effects were heterogeneous and thus responses were categorized for analysis. In this case, the three main types of response observed were; a severely impaired response, whereby oscillations However, we also noted that there were striking differences in the proportion of cells that by either perfusing cells with a cocktail of H 2 O 2 and DTT ( Fig. 4Bii and C, column 6 signalling and the rise in oxidative stress were completely abolished by DTT (Fig. 5Bii, 5C column 5 ).
For all the data in Figs. 2-5 , the observed heterogeneity was also apparent within cells from the same experiment (see mean data) and sometimes from the same acinus in any given experiment. In addition the type of response observed did not seem to depend on the extent of cell isolation as it was also noticed that some single cells were relatively "protected" compared to cells that were part of a large acinus. However, these are qualitative observations and it would be difficult to completely rule out the effect of cell Fig. 6C ).
However, removal of La 2+ using EGTA which binds La 3+ with high affinity, slowly reversed the inhibition of the PMCA which then started to rapidly clear Ca 2+ from the cytosol (see figure 6A) ] i response caused an initial decrease, probably due to the rapid inhibition of Ca 2+ influx, followed by a further increase which then rapidly reached a steady state, presumably due to the gradual inhibition of the PMCA (see Fig. 6D ). One possible explanation for these observations is that La 2+ enters the cell and interferes with fura-2 fluorescence, as it is known to bind to fura-2 with pM affinity (25) . This could occur either by leak of La 3+ or by La 3+ entry through store-operated channels. However, this is highly unlikely since addition of La 3+ neither quenched nor saturated the fura-2 signal, which would be expected even if small amounts of La 3+ entered the cell (25) . Furthermore, La 3+ is thought to inhibit SOC channels by a similar mechanism to voltage-operated Ca 2+ channels (VOCCs) by blocking the pore of the channel (33) and it has recently been shown that La 3+ cannot enter chromaffin cells through VOCCs (25) . Fig.   7A ) was higher, and therefore so was the maximum rate of clearance (see Fig. 7C ). However, at these concentrations H 2 O 2 elevated [Ca 2+ ] i (either transiently or sustained) in a large proportion of cells (50 QM, ~84 %; 10 QM, ~ 30 %, Fig. 2 ), which is known to increase PMCA activity (13, 14) and thus "upregulate"
PMCA activity for several minutes afterwards (3, 9) , such that during the subsequent clearance assay PMCA activity remains high.
The most important observation from these experiments was that there was a transition at or Oxidant-mediated regulation of PMCA has been directly demonstrated in neuronal and liver membranes (54) and has been suggested to occur in pancreatic acinar cells (34) . The mechanism could be due to direct redox modulation of critical thiol groups within the PMCA or within calmodulin (CaM) (54) both of which could inhibit Ca 2+ /CaM-dependent activation of the PMCA (13). Another possibility is that the H 2 O 2 -evoked increase in [Ca 2+ ] i activates Ca 2+ -dependent proteases, such as caspases or calpain, which are known to cleave and thus inactivate the PMCA (40) . A similar mechanism has been described in neurons, whereby caspase cleavage of the Na + /Ca 2+ exchanger (NCX), was shown to mediate the "Ca 2+ overload" during the excitotoxicity associated with brain ischaemia (2) . Moreover, and of direct relevance to the current study, two groups have demonstrated that Ca 2+ -dependent activation of calpain leads to activation of the cytokine transcription factor, NFZB, and pancreatic acinar cell injury (47, 51) . In addition, cell injury associated with caerulein-induced pancreatitis was markedly ameliorated by calpain inhibitors (47, 52) . Finally, there is now evidence that H 2 O 2 can directly activate calpain and that this leads to similar cell injury to that observed during pancreatitis (51) . However, the timeframe over which calpain became significantly activated (60 minute exposure to 0.5 mM H 2 O 2 ) in these experiments (51) occured much later than when we observed PMCA inactivation (10 minutes exposure to 1 mM H 2 O 2 ).
In addition, low concentrations of H 2 O 2 (10-50 QM) transiently increased baseline [Ca 2+ ] i in a large proportion of cells and it is also worth noting that pretreatment of similar concentrations significantly increased PMCA activity in a Ca 2+ -dependent manner due to enhanced CPA/TBQ-evoked Ca 2+ leak (see Fig. 7 ). Such Ca 2+ -and time-dependent modulation of the PMCA has been observed previously in other cells (3) and is thought to be due to increased CaM binding (13 ] i signalling in any given cell was directly proportional to the increase in cellular oxidative stress, suggesting that the heterogeneity was due to differences in cellular antioxidant capacity. This suggests that the concentration of H 2 O 2 that produces any given response is less important than the proportion of cells that exhibit that response. This has important pathological implications, since only a fraction of cells with low antioxidant capacity may be sufficient to cause significant tissue damage within the whole organ in the face of an oxidant insult. This is because these highly sensitive cells would likely undergo an irreversible "Ca 2+ overload" in response to low level oxidant stress, causing cell lysis and necrotic cell death. This may cause inflammatory cytokine release, infiltration of activated neutrophils that further release oxidants, (22, 50) culminating in a spiral of self-perpetuating cytotoxic tissue damage and ultimately organ failure, the hallmarks of severe acute pancreatitis (38) . It is tempting to hypothesize that low level oxidants released from within acinar cells (7, 17, 42) could conceivably initiate pancreatitis if the antioxidant capacity of those cells or neighbouring cells is low. It is also of interest that a lowered pancreatic antioxidant capacity has been suggested to be a predisposing factor for chronic pancreatitis (4). (43) . These observations also corresponded to a marked impairment of agonist-evoked fluid and amylase secretion from the perfused pancreas (43) .
Another interesting observation from the current study was that there were striking differences in Finally, the effects of lower concentrations of H 2 O 2 gave rise to a large degree of cellular heterogeneity that was likely due to differences in cellular antioxidant capacity. This further illustrates that the transition from a "mildly" effected to a "severely" effected cell potentially need only occur in a fraction of cells with low antioxidant capacity to trigger a cytotoxic inflammatory response. Inactivation of the PMCA may be a critical mechanism underlying these events and may well be important during the pathology of pancreatitis. 
